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High-strength Cu-based bulk glassy alloys were formed in the Cu–Hf–Ti system by the
copper mold casting and melt clamp forging methods. The maximum diameter is 4 mm
for the Cu60Hf25Ti15 alloy. The substitution of Hf in the Cu60Hf40 alloy by Ti causes
an increase in the glass-forming ability (GFA). As the Ti content increases, the glass
transition temperature (Tg) decreases, while the crystallization temperature (Tx) shows a
maximum at 5% Ti and then decreases, resulting in a maximum supercooled liquid
regionDTx (4 Tx − Tg) of 78 K at 5% Ti. The liquidus temperature (T1) has a
minimum of 1172 K around 20% Ti, and hence, a maximumTg/T1 of 0.62 is obtained
at 20% Ti. The high GFA was obtained at the compositions with highTg/T1. The bulk
glassy alloy exhibits tensile fracture strength of 2130 MPa, compressive fracture
strength of 2160 MPa, and compressive plastic elongation of 0.8 to 1.6%. The new
Cu-based bulk glassy alloys with highTg/T1 above 0.60, high fracture strength above
2100 MPa, and distinct plastic elongation are encouraging for future development as a
new type of bulk glassy alloy that can be used for structural materials.
I. INTRODUCTION
Since the findings of glassy alloys with a large super-
cooled liquid region before crystallization in Ln–Al–
TM1 and Mg–Ln–TM2 (Ln 4 lanthanide metals)
systems, followed by the formations of Ln-3 and Mg-
based4 bulk glassy alloys by use of the high stability of
supercooled liquid against crystallization, a number of
bulk glassy alloys have been developed in multicompo-
nent systems such as Zr,5,6 Ti,7 Fe,8 Pd–Cu,9 Ni,10 and
Co11 bases. Thus, the bulk glassy alloys have been ex-
tended to engineering important alloy systems including
Fe-, Co-, Ni-, Ti-, and Mg-based alloys. However, there
have been no data on the formation of bulk glassy alloys
in Al- and Cu-based alloy systems containing more than
50 at.% Al or Cu, though their formations are expected to
cause significant extension of application fields of bulk
glassy alloys. It is well known that amorphous alloys in
a thin ribbon form are formed in a number of Al-12,13and
Cu-based14 systems by the melt-spinning technique.
The previous data have also reported that the choice of
Al–Y–Co–Ni15 and Cu–Ti–Zr16 systems leads to the for-
mation of amorphous alloys with thickness of about 0.8
and 1 mm, respectively. Recently, intensive develop-
ments of Cu-based bulk glassy alloys were made by the
increase of Cu content and the decrease in Al content in
the Zr–Al–Ni–Cu5 and Zr–Ti–Al–Ni–Cu17 base systems
and some bulk glassy alloys containing Cu contents up to
40 at.% Cu have been obtained in Cu–Ti–Zr–Ni,18 Cu–
Ti–Ni–Si–B,19 and Cu–Ti–Zr–Ni–Sn20 systems. Very re-
cently, we have reported that Cu-based bulk glassy alloys
with a thickness of 4 mm are formed in the Cu–Zr–Ti
ternary system and the bulk glassy alloys exhibit good
mechanical properties.21 As is the case for the develop-
mental history for a number of bulk glassy alloys devel-
oped to date,22–24the first success of forming bulk glassy
alloys in the Cu-based ternary system defined by Cu
contents more than 50 at.% allows us to expect the sub-
sequent synthesis of bulk glassy alloys in different Cu-
based systems. Considering the similarities of atomic
radius and atomic electronic negativity between Zr and
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Hf elements belonging to the same group number in the
periodic table,25 similar bulk glassy alloys are also ex-
pected to be formed in the Cu–Hf–Ti system. This paper
presents the composition range in which a glassy phase
is formed in the Cu–Hf–Ti system by copper mold cast-
ing and the compositional dependence of thermal sta-
bility and mechanical properties of the bulk glassy alloys.
The reason for the high glass-forming ability in the ter-
nary system is also discussed.
II. EXPERIMENTAL PROCEDURE
Ternary Cu–Hf–Ti alloys were prepared by arc melt-
ing the mixtures of pure Cu, Hf, and Ti metals in an
argon atmosphere. Ribbon samples with a cross section
of 0.02 × 1.2 mm2 were prepared by melt spinning. Bulk
alloys in a cylindrical form with a length of 60 mm and
diameters up to 5 mm were prepared by copper mold
casting. In addition, bulk alloys in a sheet form with a
dimension of 50 × 100 × 2 mm3 were also prepared by
the melt clamp forging technique.26,27 Glassy structure
was identified by x-ray diffraction (XRD), transmission
electron microscopy, and optical microscopy. Thermal
stability associated with glass transition temperature (Tg)
and crystallization temperature (Tx) was examined by
differential scanning calorimetry (DSC) at a heating rate
of 0.67 K /s. The melting temperature was determined by
differential thermal analysis (DTA) at a heating rate of
0.17 K /s. Mechanical properties were measured with an
Instron-type testing machine. The gauge dimensions
were 1 mm in thickness, 2 mm in width, and 10 mm in
length for tensile tests and 2 mm in diameter and 4 mm
in height for compressive tests. Fracture surface was
examined by scanning electron microscopy. Hardness
was measured with a Vickers hardness indenter under a
load of 1 kg.
III. RESULTS
A. Thermal stability of supercooled liquid
It has previously been reported that a glassy phase in
the Cu–Hf binary system is formed in a wide composi-
tion range of 30 to 70 at.% Hf.28 Figure 1 shows DSC
curves of the melt-spun Cu100–x Hfx (x 4 30 to 70 at.%)
glassy alloys. Although no glass transition is observed
for the 30% Hf and 70% Hf alloys, the alloys containing
40% to 60% Hf exhibit the distinct glass transition, fol-
lowed by a large supercooled liquid region before crys-
tallization. TheTg and Tx decrease with increasing Hf
content from 40% to 60%, despite that the liquidus
temperature of Hf metal is much higher than that of Cu
metal. It is also seen that the supercooled liquid region
defined by the temperature interval betweenTg and Tx,
DTx (4Tx − Tg), shows a maximum value of 59 K at
50% Hf and decreases with a deviation from the Hf
composition. The decrease inDTx is more distinct in the
high Hf concentration range. The crystallization of
the Cu–Hf alloys with a supercooled liquid region ap-
pears to occur through a single exothermic peak. The
ingle exothermic peak of the 50% Hf alloy with
the largest supercooled liquid has been confirmed to be
due to the precipitation of the Cu3Hfz and Cu–Hfz phases.
Subsequently, we examined the effect of Ti addition
on the glass transition and the thermal stability of super-
cooled liquid region in the alloy series of Cu60Hf40−xTix.
Figure 2 shows DSC curves of the melt-spun
Cu60Hf40−xTix (x 4 0 to 40 at.%) glassy alloys. In com-
parison with the Cu60Hf40 binary glassy alloy, the addi-
tion of 5% Ti leads to a significant increase inDTx to
78 K through a decrease inTg and an increase inTx in the
maintenance of the single-stage crystallization mode.
However, with further increasing Ti content, theDTx
decreases due to the more significant decrease inTx as
compared with the decrease inTg, accompanying the
change in the crystallization mode from the single stage
to multiple stages. The glass transition phenomenon dis-
appears at 40% Ti. Figure 3 shows the changes inTg, Tx,
and DTx as a function of Ti content for the melt-spun
Cu60Hf40−xTix glassy alloys. One can confirm a monoto-
nous decrease inTg from 772 to 703 K over the whole
Ti content, while Tx shows a maximumof 832 K at
FIG. 1. DSC curves of melt-spun Cu100−xHfx (x 4 30 to 70 at.%)
glassy alloys.
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5% Ti and then decreases monotonously to 694 K at 40%
Ti. As a result,DTx shows a maximum of 78 K at 5% Ti,
followed by a gradual decrease to 60 K at 15% Ti and
then a significant decrease to 28 K at 30% Ti.
FIG. 3. Glass transition temperature (Tg), crystallization temperature
(Tx), and supercooled liquid region (DTx 4 Tx − Tg) as a function of
Ti content for melt-spun Cu60Hf40−xTix glassy alloys.
FIG. 4. DTA curves of the Cu60Hf40−xTix (x 4 0 to 40 at.%) glassy
alloys.
FIG. 5. Liquidus temperature (T1) and reduced glass transition tem-
perature (Tg/Tl) as a function of Ti content for the Cu60Hf40−xTix
glassy alloys.
FIG. 2. DSC curves of melt-spun Cu60Hf40−xTix (x 4 0 to 40 at.%)
glassy alloys.
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It is expected that the decreases inTg and Tx by the
addition of Ti reflect the lowering in the liquidus tem-
perature (T1) of the Cu60Hf40−xTix alloys. Figure 4 shows
DTA curves of the Cu60Hf40−xTix (x 4 0 to 40 at.%)
alloys. The endothermic peak due to melting is seen
for all the alloys and the melting reaction appears to
occur through a single stage for the Cu60Hf40,
Cu60Hf20Ti20, and Cu60Hf10Ti30 alloys. On the basis of
the data shown in Fig. 4, the T1 and the reduced glass
transition temperature (Tg/T1) were plotted as a function
of Ti content for the Cu60Hf40−xTix alloys in Fig. 5. It is
clearly seen that T1 shows a minimum of 1172 K at 20%
Ti. As a result, the 20% Ti alloy exhibits a maximum
Tg/T1 of 0.623. Here, it is noticed that the highTg/T1
values exceeding 0.61 are obtained for the Cu60Hf30Ti10,
Cu60Hf25Ti15, and Cu60Hf20Ti20 glassy alloys. We have
FIG. 6. XRD patterns of cast cylindrical Cu60Hf25Ti15 rods with di-
ameters of 3 and 4 mm. The data of the melt-spun ribbon are also
shown for comparison.
FIG. 7. DSC curves of cast Cu60Hf25Ti15 glassy rods with different
diameters of 2 to 4 mm. The data of the melt-spun ribbon are also
shown for comparison.
FIG. 8. Shape and outer surface appearance of cast Cu60Hf25Ti15
glassy rods with diameters of 2, 3, and 4 mm.
FIG. 9. Compressive stress-elongation curves of cast Cu60Hf30Ti10
and Cu60Hf25Ti15 glassy rods with a diameter of 2 mm.
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also confirmed that the Cu60Zr40−xTix (x 4 0, 10, and
20 at.%) glassy alloys show highTg/T1 exceeding 0.60
and the highestTg/T1 of 0.63 is obtained for the 20 at.%
Ti alloy. Considering that a number of bulk glassy alloys
are obtained for the alloys with highTg/T1 above 0.60 by
the copper mold casting method,22–24 it is expected that
Cu-based bulk glassy alloys are formed by choosing the
alloy compositions Cu60Hf40−xTix (x 4 10 and 20%).
B. Formation of bulk glassy alloys
Figure 6 shows x-ray diffraction patterns of the cylin-
drical Cu60Hf25Ti15 rods with diameters of 3 and 4 mm.
No distinct crystalline peaks are seen for the 3- and
4-mm samples, indicating the formation of a single
glassy phase in the diameter range up to 4 mm. Figure 7
shows DSC curves of the cast glassy alloy rods with
diameters of 2, 3, and 4 mm, together with the data of the
melt-spun glassy alloy ribbon. TheTg, Tx, and heat of
crystallization are nearly the same among the bulk and
ribbon samples, being consistent with the results ob-
tained from XRD. As an example, the outer surface ap-
pearance of the cast bulk glassy rods with diameters of
2, 3, and 4 mm is shown in Fig. 8. These rod samples
exhibit good metallic luster, and no appreciable concav-
ity due to a crystalline phase is recognized. We have also
confirmed the absence of a crystalline phase in the opti-
cal micrographs taken from the central region of the
transverse cross section of the 2-, 3-, and 4-mm rod
samples. Here, it is important to point out that the further
increase in the sample diameter causes the formation of
crystalline phases, and hence, the critical diameter of the
ternary Cu60Hf25Ti15 alloy lies between 4 and 5 mm.
FIG. 10. Compressive fracture surface of the cast Cu60Hf25Ti15 glassy rod.
FIG. 11. Tensile stress-elongation curve of a cast Cu60Hf25Ti15 glassy
sheet with a gauge dimension of 1 mm in thickness, 2 mm in width,
and 10 mm in length.
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C. Mechanical properties of bulk glassy alloys
Figure 9 shows compressive stress–strain curves of the
cast bulk glassy Cu60Hf30Ti10 and Cu60Hf25Ti15 rods. It
is seen that the glassy rods exhibit elastic elongation in
the elongation range up to 1.8%, followed by plastic
elongation of about 0.8 to 1.6% and then final fracture,
indicating that the new Cu-based bulk glassy alloys have
rather good ductility. Young’s modulus (E), compressive
yield strength (sc,y), and compressive fracture strength
(sc,f) are 119 GPa, 1995 MPa, and 2120 MPa, respec-
tively, for the 30% Hf alloy and 124 GPa, 2010 MPa, and
2160 MPa, respectively, for the 25% Hf alloy. The frac-
ture occurs along the maximum shear plane, which is
declined by about 45° to the direction of applied load,
and the fracture surface consists of a well-developed vein
pattern typical to Zr-based bulk glassy alloys with good
ductility,22–24as exemplified for Cu60Hf25Ti15 in Fig. 10.
It is noticed that the fracture strength exceeds 2000 MPa
accompanying the distinct plastic elongations. The high
fracture strength above 2000 MPa was also obtained in
the tensile deformation mode. Figure 11 shows a tensile
stress-elongation curve of the bulk glassy Cu60Hf25Ti15
sheet. TheE, tensile yield strength defined by the devia-
tion point from the linear relation (st,y), tensile fracture
strength (st,f), and fracture elongation including elastic
elongation (ef) are 120 GPa, 1920 MPa, 2130 MPa, and
1.9%, respectively. The tensile fracture also occurs along
the maximum shear plane and the developed vein pattern
is seen over the whole fracture surface, as shown in
Fig. 12. Furthermore, the Vickers hardness (Hv) was 670
for Cu60Hf25Ti15 and 640 for Cu60Hf20Ti20. Here, it is
important to point out that the tensile fracture strength
is nearly the same as the compressive fracture
strength, indicating good ductility of the Cu-based bulk
glassy alloy. There have been no data on high-strength
Cu-based bulk alloys with high strength above 2000 MPa
in crystalline and glassy states.22–24,29 However, it is
known that the perfect crystal Cu whisker of 1mm in
diameter exhibits high strength of 2000 MPa.30 It is no-
ticed that the tensile strength of the present bulk glassy
alloy is comparable to that for the Cu whisker in spite
of the much larger dimension of the specimen. In addi-
tion, the high strength level exceeding 2000 MPa has not
been obtained for any Zr-based bulk glassy alloys in
Zr–Al–Ni–Cu,30,31 Zr–(Ti,Nb,Ta)–Al–Ni–Cu,17,31–33
and Zr–Ti–Be–Ni–Cu6 systems. Consequently, the pres-
ent Cu-based bulk glassy alloys are expected to be de-
veloped as a new type of bulk structural material with
higher strength combined with good ductility.
IV. DISCUSSION
As described above, the maximum sample thickness,
DTx, and Tg/Tl are 4 mm, 60 K, and 0.62 for the
Cu60Hf25Ti15 glassy alloy and 4 mm, 38 K, and 0.62 for
the Cu60Hf20Ti20 glassy alloy. In addition,DTx andTg/T1
of the Cu60Hf40 glassy alloy are 55 K and 0.60, respec-
tively, and the critical sample diameter is about 1 mm.
The relation amongDTx, Tg/T1, and maximum sample
thickness for the ternary and binary glassy alloys
indicates that the glass-forming ability defined by the
maximum sample thickness is related toDTx andTg/T1.
That is, the higher glass-forming ability for the new Cu-
based alloys was obtained at the compositions with larger
DTx and higherTg/T1 values. The increase in theDTx
implies that the thermal stability of supercooled liquid
against crystallization increases by the addition of Ti. In
addition, the increase inTg/T1 results from the lowering
of T1. It is therefore concluded that the formation of the
bulk glassy alloys results from the increase in the resis-
tance of supercooled liquid against crystallization. It is
also noticed in Fig. 3 that the crystallization of the su-
percooled liquid occurs through a single exothermic re-
action accompanying the simultaneous precipitation of at
least three crystalline phases. The crystallization mode
FIG. 12. Tensile fracture surface of the cast Cu60Hf25Ti15 glassy sheet.
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implies the necessity of long-range rearrangements of the
constituent elements for the progress of crystallization.
The necessity suppresses the crystallization reactions, re-
sulting in the formation of bulk glassy alloys.
Next, we discuss the reason for the slight deviation
from the direct correlation among glass-forming ability,
DTx andTg/T1. It has previously been reported that the
high glass-forming ability leading to the formation of a
bulk glassy alloy is obtained in the multicomponent alloy
systems with the following three empirical rules:22–24
(i) a multicomponent consisting of more than three
elements; (ii) significant atomic size mismatches above
12%; (iii) suitable negative heats of mixing. In the Cu–
Hf–Ti system, their atomic sizes change in the order
of Hf > Ti > Cu and the atomic size ratios are 1.08 for
Hf/Ti and 1.14 for Ti/Cu.34 In addition, the heats of
mixing have been estimated to be −9 kJ/mol for Cu–Ti,
−17 kJ/mol for Cu–Hf, and 0 kJ/mol for Hf–Ti.35 These
data on the atomic size ratios and heats of mixing imply
that the present Cu-based alloys do not perfectly satisfy
the three empirical rules. The insufficient condition is
thought to result in a disagreement of alloy compositions
where the largestDTx and the highestTg/T1 are obtained.
That is, the largestDTx and the largest maximum sample
thickness are obtained at 5% Ti and 10 to 15% Ti,
respectively, while the highestTg/T1 is obtained at
20% Ti owing to the significant lowering of Ti at 20% Ti.
The search for an appropriate element leading to agree-
ment of the alloy compositions among the largestDTx,
the highestTg/T1, the lowestT1, and maximum sample
diameter is also expected to cause the formation of a bulk
glassy alloy with a larger diameter.
It was shown in Fig. 11 that the Cu–Hf–Ti bulk glassy
alloy exhibits high tensile fracture strength of 2130 MPa
which is comparable to that (1700 to 2900 MPa) for a
Cu whisker with perfect crystal structure30 and much
higher than that (1600 to 1700 MPa) for Zr-based bulk
glassy alloys in Zr–Al–Ni–Cu,31 Zr–(Ti,Nb)–Al–Ni–
Cu,17,31–33and Zr–Ti–Be–Ni–Cu6 systems. Here, we dis-
cuss the reason for the extremely high tensile fracture
strength for the Cu-based bulk glassy alloy. Figure 13
summarizes the relationship betweenE andst,f or Hv for
the Cu60Hf25Ti15 bulk glassy alloy, together with the data
of other bulk glassy alloys including the Cu60Zr30Ti10
bulk glassy alloy.21 There is a clear tendency forE to
increase with an increase ofst,f or Hv for all the bulk
glassy alloys. The slope in the linear relation for the
bulk glassy alloys is also significantly different from that
for the conventional crystalline alloys. It is characterized
that the bulk glassy alloys have lower Young’s modulus,
larger elastic elongation limit, and higher strength as
compared with those for the conventional crystalline
FIG. 13. Relationship between Young’s modulus (E ) and tensile frac-
ture strength (st,f) or Vickers hardness (Hv) for the cast Cu60Hf25Ti15
glassy sheet. The data of other bulk glassy alloys and conventional
crystalline alloys are also shown for comparison.
TABLE I. Glass transition temperature (Tg), crystallization tempera-
ture (Tx), supercooled liquid region (DTx 4 Tx − Tg), liquidus tem-
perature (T1), and reduced glass transition temperature (Tg/T1) for
Cu–Hf–Ti bulk glassy alloys. The data of the Cu–Zr–Ti and Zr–Al–











Zr55Al10Ni5Cu30 690 755 85 1113 0.62
Zr60Al10Ni10Cu20 676 770 94 1095 0.62
Cu60Zr30Ti10 713 750 37 1153 0.62
Cu60Zr20Ti20 708 768 38 1127 0.63
Cu60Hf25Ti15 732 792 60 1191 0.62
Cu60Hf20Ti20 730 768 38 1172 0.62
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alloys. It has been pointed out that theTg and T1 of
glassy alloys reflect the degree of bonding force among
the constituent elements.36 As shown in Table I, theTg
andT1 of the Cu–Hf–Ti ternary glassy alloys are higher
than those for the Zr–Al–Ni–Cu and Cu–Zr–Ti glassy
alloys. The higher values ofTg andT1 allow us to pre-
sume that the bonding force among the Cu, Hf, and Ti
elements is stronger than that among the Zr, Al, Ni, and
Cu elements as well as among the Cu, Zr, and Ti ele-
ments. In addition, the relations betweenst,f andTg or T1
for the Cu–Hf–Ti, Cu–Zr–Ti, and Zr–Al–Ni–Cu bulk
glassy alloys are shown in Fig. 14. Although some scat-
terings are seen, one can recognize a strong correlation,
demonstrating an appropriateness of the previous con-
cept between strength andTg or T1.
V. SUMMARY
We have searched for a new Cu-based bulk glassy
alloy with good mechanical properties which can be pro-
duced by the copper mold casting methods. The results
obtained are summarized as follows.
(1) In the Cu60Hf40−xTix alloy system,Tg decreases
monotonously with increasing Ti content, whileTx
shows a maximum at 5 at.% Ti andT1 shows a minimum
at 20 at.% Ti. The resultingDTx shows a maximum of
78 K at 5 at.% Ti, followed by a gradual decrease to 60 K
at 15% Ti and then a significant decrease to 28 K at
30% Ti. No glass transition is observed for Cu60Ti40.
(2) The Tg/T1 shows a maximum value of 0.62 at
20 at.% Ti because of the minimum value of 1172 K for
Tl at 20%Ti.
(3) The bulk glassy alloys were formed in the ternary
system, and the largest diameter is 4 mm for the
Cu60Hf25Ti15 alloy. The bulk glass-forming ability is
more closely related toTg/T1 rather thanDTx.
(4) The bulk glassy alloys possess good mechanical
properties, i.e., Young’s modulus of 119 to 124 GPa,
yield strength of 1995 to 2010 MPa, compressive frac-
ture strength of 2120 to 2160 MPa, tensile fracture
strength of 2130 MPa, elastic elongation of 1.6–2.0%,
and compressive plastic elongation of 0.8 to 1.6%. The
good combination of high glass-forming ability and good
mechanical properties for the Cu-based alloys indicates
the possibility of future development as a new type of
bulk structural material.
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